Ambalavanar, Ranjinidevi, Yasumasa Tanaka, W. Scott Selbie, and Christy L. Ludlow. Neuronal activation in the medulla oblongata during selective elicitation of the laryngeal adductor response. J Neurophysiol 92: 2920 -2932, 2004. First published June 22, 2004 10.1152/jn.00064.2004. Swallow and cough are complex motor patterns elicited by rapid and intense electrical stimulation of the internal branch of the superior laryngeal nerve (ISLN). The laryngeal adductor response (LAR) includes only a laryngeal response, is elicited by single stimuli to the ISLN, and is thought to represent the brain stem pathway involved in laryngospasm. To identify which regions in the medulla are activated during elicitation of the LAR alone, single electrical stimuli were presented once every 2 s to the ISLN. Two groups of five cats each were studied; an experimental group with unilateral ISLN stimulation at 0.5 Hz and a surgical control group. Three additional cats were studied to evaluate whether other oral, pharyngeal, or respiratory muscles were activated during ISLN stimulation eliciting LAR. We quantified Յ22 sections for each of 14 structures in the medulla to determine if regions had increased Fos-like immunoreactive neurons in the experimental group. Significant increases (P Ͻ 0.0033) occurred with unilateral ISLN stimulation in the interstitial subnucleus, the ventrolateral subnucleus, the commissural subnucleus of the nucleus tractus solitarius, the lateral tegmental field of the reticular formation, the area postrema, and the nucleus ambiguus. Neither the dorsal motor nucleus of the vagus, usually active for swallow, nor the nucleus retroambiguus, retrofacial nucleus, and the lateral reticular nucleus, usually active for cough, were active with elicitation of the laryngeal adductor response alone. The results demonstrate that the laryngeal adductor pathway is contained within the broader pathways for cough and swallow in the medulla.
I N T R O D U C T I O N
Central pattern generators are contained in the medulla for many different complex behaviors such as breathing, coughing, swallowing, and vocalization. Each of these behaviors involves vocal fold movement in the larynx. During breathing, the vocal folds modulate airflow by increased opening during inspiration and a more medial position during expiration (Bartlett et al. 1973; Davis et al. 1993; England et al. 1982) . For swallowing, laryngeal closing and elevation prevent aspiration (Gay et al. 1994; Kidder 1995) , whereas for cough, tight vocal fold closure increases pulmonary pressure prior to forceful expiration to clear the airway (Widdicombe 1980) . For vocalization during speech, the two vocal folds meet in the midline for vibration on expiratory flow (Titze 1994) . During each of these behaviors, laryngeal movement is coordinated with patterns of respiration and deglutition. The laryngeal adductor response (LAR) is a simple response that only involves vocal fold closure and not the added movements that occur during cough or swallow (Ludlow et al. 1992 ). The LAR is thought to reflect the pathway involved in laryngospasm (Ikari and Sasaki 1980) and is evoked by single electrical stimuli to the superior laryngeal nerve (SLN) both in cats Sessle 1973b; Suzuki 1987 ) and awake humans (Ludlow et al. 1992) .
More intense and prolonged stimulation of ISLN afferents will also elicit swallow and cough. Pharyngeal stimulation can initiate laryngeal closure and elevation for swallowing (Jean 1984) and stimulation of the laryngeal mucosa can initiate either a swallow, cough, or the LAR (Gestreau et al. 1997; Nishino et al. 1996; Tanaka et al. 1995) . Most of the laryngeal afferents are contained in the internal branch of the SLN (ISLN) (Yoshida et al. 1986 ) and project to the nucleus tractus solitarius (NTS) in mice (Astrom 1953) , rats (Mrini and Jean 1995; Patrickson et al. 1991) , cats (Kalia and Mesulam 1980a; Tanaka et al. 1987; Yoshida et al. 1982 Yoshida et al. , 1986 , and monkeys (Beckstead and Norgren 1979) . The laryngeal efferent neurons are located in the nucleus ambiguus (NA) (Gacek 1975; Yoshida et al. 1982 ) in these species. The laryngeal adductor response pathway might involve some of the same interneurons between the NTS and the NA as those activated during cough and swallow (Gestreau et al. 1997; Harada et al. 2002; Jean 2001) .
Mechanical stimulation of the epiglottis and arytenoids can produce prolonged inspiration and laryngospasm, which can be life threatening in the clinical setting (Odom 1993) . The frequency of repeated electrical stimulation may determine whether a swallow or a cough is produced with ISLN stimulation (Harada et al. 2002) . Stimulation at 10 -30 Hz produces fictive swallowing (Dick et al. 1993 ), whereas at 2-10 Hz produces sneezing and coughing (Bolser 1991; Gestreau et al. 1997; Satoh et al. 1998 ) and at 10 -50 Hz produces respiratory slowing (Bongianni et al. 1988 (Bongianni et al. , 2000 Lawson 1981; Sutton et al. 1978) . Changing both the rate and intensity of ISLN stimulation will alter the behavioral response (Miller and Loizzi 1974) as shown by monitoring the compound action potential from the nerve. During minimal stimulation to activate only the fastest conducting sensory fibers, inhibition of respiration began at 3.2 times threshold intensity and swallowing occurred at 8.4 times threshold when using low frequencies (e.g., 3 Hz). At high rates such as 30 Hz, respiratory slowing occurred at 2 times threshold intensity and swallowing occurred at 2.7 times threshold intensity during recruitment of the same group of axons. Dick et al. (1993) found interactions between breathing and swallowing with changes in SLN stimulation intensity and rate and proposed that some part of the same neural pathways may be involved in each. Our interest is in which part of these pathways are involved when only the LAR is elicited. Because the LAR can be elicited using a single stimulus , we used a very low rate of stimulation, 0.5 Hz, to prevent the occurrence of swallowing, cough and respiratory slowing. We also used a low stimulation intensity, supramaximal for eliciting just the LAR, to provide a similar stimulus intensity across animals.
One approach for studying functional brain stem pathways involves Fos immunocytochemistry. The protein product of the immediate early gene c-fos is regarded as a marker for neuronal activation and can map pathways with single-cell resolution in the CNS (Sagar et al. 1988) . Recent studies have used intense and prolonged electrical stimulation (5-10 Hz) of both the internal and external branches of the SLN to identify brain stem areas activated during swallowing in mice (Sang and Goyal 2001) and coughing in cats (Gestreau et al. 1997) . In these studies, abdominal, oropharyngeal, and esophageal muscles were active during cough or swallow. Although both of these studies found neuronal activation in some common brain stem regions, certain regions showed neuronal activity during swallowing but not during coughing and vice versa. For example, the interstitial subnucleus of the NTS, (inTS), was activated in both studies, whereas the dorsal motor nucleus of the vagus (DMV) was active only during swallowing. Although both studies used ISLN stimulation, the results indicated that different behavioral patterns and perhaps different brain stem regions were activated. Some of the same brain stem regions may be involved when the LAR is elicited by ISLN stimulation without the induction of cough or swallow.
The LAR is representative of laryngospasm, which occurs during extubation when the endotracheal tube is pulled out from between the vocal folds producing intense stimulation of superior laryngeal nerve afferents under light anesthesia (Ikari and Sasaki 1980; Sasaki et al. 2001 Sasaki et al. , 2003 . This can produce a persistent contraction of the thyroarytenoid (TA) muscle that closes the vocal folds, causing a life-threatening obstruction necessitating a tracheotomy (Mevorach 1996; Olsson and Hallen 1984; Ricard-Hibon et al. 2003) . Prevention of laryngospasm can be provided by a bilateral block of the ISLN (Mevorach 1996) . The incidence of laryngospasm is as high as 24% in some populations and is greater in children than in adults (Koc et al. 1998 ). This study is the first step in identifying the oligosynaptic pathway involved in this response. Once the neural pathways are identified, future studies can begin to determine how to modulate the system to prevent laryngospasm.
This study also addresses the integrative system controlling the larynx. The central pattern generators for central apnea, laryngospasm, swallowing, and cough can all be triggered by stimulation of the same laryngeal afferents. Identifying the neural substrates involved in each is a first step in beginning to identify possible differences between these systems. Although the same sensory triggers can elicit each pattern; the particular neural substrates involved may depend on the spread of neuronal activation within the medulla with continued rapid and intense stimulation. In an initial study, continued tactile stimulation to the laryngeal vestibule induced Fos in the medulla oblongata in similar regions to swallow and cough in the cat (Tanaka et al. 1995) . In that study, however, the stimulation level was uncontrolled and no record was provided of which behaviors occurred.
To elicit the LAR alone, without cough or swallow, required close monitoring of a nonparalyzed animal throughout stimulation to assure that the LAR was elicited consistently with each stimulus and that only the laryngeal response was elicited and not the other potential behaviors of cough, swallow, or respiratory slowing. By evoking the LAR, the laryngeal muscle contractions may induce additional stimulation in the larynx via the afferents in the ISLN. Shiba and his colleagues found laryngeal muscle activation feedback was abolished either by cutting the superior laryngeal nerve or by lidocaine applied to the laryngeal mucosa (Shiba et al. 1995 (Shiba et al. , 1997 . Afferent feedback due to the elicitation of the LAR therefore would stimulate the same afferents as those being activated by electrical stimulation of the ISLN.
By using the same stimulation conditions across animals, we could then identify which regions in the medulla were activated using Fos immunocytochemistry. Our hypothesis was that when the ISLN stimulation elicits the LAR alone, Fos expression would be induced only in some of the regions previously shown to express Fos during cough in the lower brain stem (Gestreau et al. 1997) . Such a result would suggest that the pathways for laryngospasm only involve a subset of those evoking cough, swallowing, and respiratory apnea and that future efforts at modulation of this system should address the neurotransmitter mechanisms within those particular regions.
M E T H O D S
Fifteen cats of either sex weighing between 2.5 and 5.0 kg were used in this study: 10 were divided into two groups: group 1 (experimental, n ϭ 5) and group 2 (sham operated control, n ϭ 5). Three additional cats (group 3) were used to evaluate if stimulation of the ISLN causes any electromyographic (EMG) responses in muscles other than the intrinsic laryngeal muscles, such as oral, pharyngeal and respiratory muscles. Two anesthetic controls were studied to determine the effects of anesthesia without the surgical procedures. All animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (No. 86-23, revised 1985) . Tissues from 10 of these animals (groups 1 and 2) were used in a related study (Ambalavanar et al. 1999) .
Surgery and electrical stimulation
INJECTION OF CHOLERA TOXIN B. To demarcate the NA region that contains laryngeal efferent neurons, 3 days prior to the terminal procedure, a retrograde tracer, cholera toxin subunit B (ChTB), was injected into all the intrinsic laryngeal muscles of each cat on the right side in both groups 1 and 2. The animals were anesthetized with ketamine (25-30 mg/kg iv) and butorphanol tartrate (Torbugesic, 0.3-0.4 mg/kg). The thyroid cartilage was exposed by a midline incision over the larynx. Injections of 1% ChTB (List Biological Laboratories, Campbell, CA) were made into the laryngeal muscles on the right side. The TA (2.5 l) and lateral cricoarytenoid (2.0 l) muscles were injected through the cricothyroid membrane, the cricothyroid (2.0 l) muscle was injected under direct observation, and the posterior cricoarytenoid (2.0 l) and interarytenoid (1.0 l) muscles were injected through the mouth using a suspension laryngoscope. All injections were made on the right side using a microsyringe in each animal. An analgesic buprenorphine at 6 mg/kg and antibiotics am-picillin at 25 mg/kg bid and gentamycin at 2 mg/kg bid were administered after the surgery.
STIMULATION OF THE ISLN. Surgery and electrical stimulation were as described previously (Ambalavanar et al. 1999) . All animals were anesthetized at the same time of day initially with ketamine (25-30 mg/kg) and xylazine hydrochloride (.5-1.0 mg/kg) and then maintained on alpha chloralose (40 mg/kg) to effect. Paw withdrawal reflexes were checked every 30 min to ensure that the animal was at an appropriate level of anesthesia. All of the cats except the two anesthetic controls were secured in a supine position with the neck extended, and a tracheostomy cannula was inserted as low as possible to prevent stimulation in the subglottic region. The tracheostomy cannula was connected to the output of an anesthesia machine that supplied oxygen at a flow rate of 2 L/min. The animal was breathing spontaneously through the cannula; inspiration and expiration were under the animal's respiratory control. An intravenous drip was used to maintain fluid volume throughout the study at the rate of 3 drops/min; equivalent to 10 ml /h. Heart rate was measured with a five-lead ECG monitor (SpaceLabs Medical). A femoral artery was cannulated to monitor blood pressure using a SpaceLabs Medical monitor, and 175 l arterial blood was collected at hourly intervals to measure blood O 2 and CO 2 and pH levels using a Bayer Diagnostics 865 blood gas machine. The blood pH was maintained between 7.2 and 7.4, pCO 2 was maintained between 30 and 50 mmHg, and the pO 2 was between 400 and 500 mmHg. Respiratory rates and end tidal CO 2 were monitored using an endotracheal sensor connected to a Novametrix CO 2 SMO ETCO 2 /SpO 2 monitor.
The same surgical and recording techniques were used for groups 1 and 2. Hooked wire EMG electrodes were inserted into both the left and right TA muscles through the cricothyroid membrane (Andreatta et al. 2002) , and the ISLN was exposed and secured in a bipolar cuff electrode on the right side.
The cats in group 3 were used to examine the behavioral response in additional muscles at the same rate and intensity of ISLN stimulation. They had additional hooked wire electrodes inserted into the right and left cricothyroid (CT) laryngeal muscles, diaphragm (Diaph), superior constrictor (SC) in the posterior pharynx, masseter (M), and genioglossus (G) muscles to confirm that ISLN stimulation did not cause EMG activity in muscles other than the intrinsic laryngeal muscles (Ambalavanar et al. 1999) .
Groups 1 and 2 were kept resting under anesthesia for 4 h without stimulation after surgery to reduce Fos expression due to handling and surgery. In the experimental animals (groups 1 and 3), a single 0.2-ms pulse was delivered starting at a low level ϳ0.2 V using a Grass S-88 stimulator. The voltage was gradually increased until threshold was reached for producing an LAR in the ipsilateral TA. The level was then gradually increased while monitoring the LAR on a spiketriggered oscilloscope until the amplitude of the first peak of the LAR remained the same despite further increases in the stimulation level, demonstrating a supramaximal level of stimulation. A short stimulus duration of 0.2 ms was used to limit the stimulus effects (Miller and Loizzi 1974) . The threshold levels for eliciting the ipsilateral LAR were usually ϳ0.4 V, and the supramaximal levels were usually about two times threshold, ϳ0.8 -1.0 V.
During the 60 min of single stimuli to the ISLN every 2 s (0.5 Hz), the ipsilateral LAR was closely monitored on an oscilloscope to assure a consistent response. The animal was also closely observed to assure that a consistent LAR was elicited and that no other changes such as respiratory slowing, coughing or swallowing occurred. We selected the rate of 0.5 Hz as a result of previous experience that no change in respiratory cycle duration occurs when stimulation rates are between 0.5 and 1 Hz (Ludlow and Luschei 1997; Tanaka et al. 1995) and because Suzuki reported that 3 Hz was the minimum rate when respiration was first influenced (Suzuki 1987) . These stimuli produced a bilateral adductor response in the TA muscles but did not alter respiration or blood gas levels for 60 min; levels were checked again at the end of the stimulation period. No swallowing behavior or coughing was induced during stimulation at this low rate. The control animals in group 2 were not stimulated but rested during this period. The anesthetic controls were maintained on alpha chloralose without surgery for the same duration. In experimental group 1 animals, the animal was grounded, and muscle recordings were amplified using Grass physiological J10 amplifiers. The signals were band-pass filtered between 30 and 3,000 Hz and amplified between 1,000 and 2,000 times before being displayed on a Tektronix TDS scope (Ambalavanar et al. 1999 (Ambalavanar et al. , 2002 Andreatta et al. 2002) . The LAR in the ipsilateral TA was displayed using a stimulation spike triggered display so that the amplitude of the initial peak of each response could be monitored. Three animals in group 3 were studied to examine muscle responses in several additional muscles: the right and left TA, CT, SC, M, and G muscles. Signals were displayed on the Tektronix TDS scope in free-run mode before and after stimulation and simultaneously recorded on a multiple channel TEAC FM instrumentation recorder.
TISSUE PREPARATION AND IMMUNOHISTOCHEMISTRY. Thirty minutes after the completion of either stimulation (group 1) or resting (group 2), the cats were deeply anesthetized with pentobarbital (100 mg/kg ip) and perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by a mixture of 2% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB, pH 7.4). The brains and larynges of these 12 animals were removed, post fixed overnight in the same fixative at 4°C, and cryoprotected in 30% sucrose in PB for 48 h at 4°C.
Serial 50-m transverse frozen sections were made through the medulla oblongata and larynx. From the medulla oblongata oddnumbered sections were immunostained for Fos protein and evennumbered sections for ChTB. The sections were washed well in PBS with 0.3% Triton X-100 (PBST) and incubated in 0.1% H 2 O 2 for 1 h to inactivate the endogenous peroxidase activity. Odd-and evennumbered sections were incubated in normal goat and rabbit serum, respectively, for 1 h. Odd-numbered sections were then incubated in rabbit antibody against Fos protein (Oncogene Science, Cambridge, MA. Ab-2, 1: 2500). Even-numbered sections were incubated in goat anti-ChTB (List Biological Laboratories, 1:7000) in PBST for 2 days at 4°C. After several washes in PBS, the sections from both groups were incubated in diluted biotinylated second antibody solution (ABC Elite kit, Vector Labs, Burlingame, CA; 1:200) for 2 h, then washed and incubated in ABC reagent for 1 h at room-temperature. Bound antibody was visualized as a brown reaction product by incubating the sections in a solution containing 0.02%, 3.3 diaminobenzidine and 0.02% H 2 O 2 for 10 min at room temperature. They were then washed and mounted on chrome-alum-gelatin coated slides. ChTB-stained sections were photographed and then counterstained with cresyl-fast violet. Sections from the larynx were immunostained for ChTB as described in the preceding text and examined to confirm that the injected tracer was confined to the laryngeal muscles.
No immunoreactivity was found in immunohistochemical control sections treated in the same manner except that the primary antibody was omitted and preabsorbed serum was used (1 g peptide/1 ml diluted antibody).
QUANTIFICATION OF FOS-LIKE IMMUNOREACTIVE NEURONS. All quantification was conducted in sections from groups 1 and 2 animals without knowledge of the experimental history of the animals (blinded). Sections were examined at ϫ40, ϫ100, and ϫ200, using a light microscope and Fos-like immunoreactive (FLI) neurons were counted in sections that were 400 m apart from the level of the caudal end of the NTS to the level of the caudal end of the facial nucleus. Sections at identical rostrocaudal levels were chosen for quantification from both the experimental and control groups. The outline of each section and the location of FLI neurons was marked manually using an image analysis system (Neurolucida, MicroBrightField, Colchester, VT). Anatomical landmarks of the NA and other brain stem structures were determined according to the description in Berman's Atlas (Berman 1968) using adjacent Nissl-stained sections also immunostained for ChTB. The subnuclei of the NTS were delineated as previously described (Ambalavanar et al. 1998) using Nissl-stained sections. At the level of the area postrema (AP), a parvocellular nucleus (Ambalavanar et al. 1998; Loewy and Burton 1978) or subnucleus gelatinosa (Kalia and Mesulam 1980b) covers the dorsomedial border of the medial subnucleus of the NTS (MnTS). This subnucleus contains many glial cells and very small neurons with little Nissl substance. Only occasional FLI neurons occurred in this region, therefore we counted FLI neurons in the MnTS including this region of the NTS (see Gestreau et al. 1997) . The marked FLI neurons were then automatically counted using the computer software program (Neurolucida, MicroBrightField).
The number of FLI neurons in the experimental and control cats were compared statistically in 14 structures: commissural (ncom), dorsal (DnTS), ventrolateral (VlnTS), inTS and MnTS subnuclei of the NTS, lateral tegmental field of the reticular formation (FTL), NA, lateral reticular nucleus (LRN), DMV, AP, spinal trigeminal nucleus (5sp), vestibular nucleus (VN), retrofacial nucleus (RFN), and nucleus retroambiguus (RA). Each structure extends to a different distance rostrocaudally. The mean number of FLI neurons was calculated for each structure from counts done from between 3 and 20 sections (depending on its distribution rostrocaudally) that were 400 m apart, from the level of the caudal end of the NTS to the level of the caudal end of the facial nucleus.
STATISTICAL ANALYSIS. The total cell counts within each of the 14 regions on the ipsilateral (right) and contralateral (left) sides were then computed for each animal. The mean number of sections counted for each structure on the right and left sides was the same for each of the groups. An initial ANOVA compared the number of FLI neurons in the two groups as the main effect. Two repeated factors were examined within animals: first, the differences between regions and second, the differences between sides (ipsilateral vs. contralateral to stimulation). Interactions between group and region and between group and side were also tested. When the initial ANOVA was significant, group comparisons were made on each of the 14 structures while also testing for a group by side interaction. Because group comparisons were being conducted for each of the 14 structures in addition to the original ANOVA, the criterion P value for these planned comparisons was adjusted using the Bonferroni procedure (0.05/15 ϭ 0.0033).
R E S U L T S

EMG response
In group 1, ipsilateral TA muscle responses began 11.8 ms (range: 10 -14 ms) after the single stimulus to the ISLN. Synchronous responses were found in the CT, another intrinsic laryngeal muscle, (Fig. 1A) . Because the CT muscle acts to lengthen the vocal folds while the TA acts to shorten the vocal folds, a co-contraction of these two muscles results in an increase in vocal fold tension during vocal fold adduction (closure) (Titze et al. 1989) . Contralateral TA responses occurred in four of the five experimental animals; the recurrent laryngeal nerve was tied in one animal and no response occurred in the contralateral TA. Two of the four had very small contralateral TA responses in contrast with the ipsilateral TA response, whereas the other two had equivalent responses in the TA muscles on both sides. No responses to SLN stimulation were found in the Diaph, the SC, M, and G muscles, although these muscles showed either phasic or tonic spontaneous activity. The Diaph was phasically active during inspiration and quiet during expiration, the M had spontaneous activity, and single-unit firing was seen in the G and the SC (Fig. 1B) . None showed a reflex response similar to the TA or CT muscles in Fig. 1A . In addition, no long-term changes in muscle activity were observed when the EMG signals were monitored on a Tektronix TDS scope during the experiment in the free run mode. Recordings made a half second before and after stimulation are shown in Fig. 1B . At this slow rate of ISLN stimulation (0.5 Hz) and low intensity (0.6 -0.9 V), only the laryngeal muscle responses were observed and no patterns of swallow or cough.
Description of the distribution of FLI neurons
The distribution of FLI neurons in the regions of the medulla in representative animals of both the experimental and control groups are described here and the quantitative results for the groups are presented in the following text. As shown in Neurolucida drawings (Figs. 2 and 3) , FLI neurons occurred in the NTS subnuclei in the experimental animal and not in the control at 13.5, whereas similar numbers of FLI neurons occurred in both animals in the VN, RFN, and RA.
NUCLEUS TRACTUS SOLITARIUS. Most of the FLI neurons in the NTS were observed in the experimental animals between levels P13.5 and P9.5 of the Berman's Atlas (1968) coordinates, i.e., between ϩ3.6 and ϩ0.4 mm rostral to the obex (Fig. 2) . In the NTS, a greater density of FLI neurons was found in the inTS than in any other subnuclei in the experimental group (Fig. 4A) . A dense cluster of FLI neurons was found in the inTS at the levels of the AP, between ϩ0.4 and ϩ1.2 mm rostral to the obex around the level P13.5 of the atlas coordinates (Figs. 2,  4A , and Fig. 5A ). In contrast, very few FLI neurons were found in this region in the surgical controls (Figs. 4C and 5B) or in the anesthetic controls (Fig. 4E) . FLI neurons were also observed in the ncom from the level of the obex to the most caudal level of the NTS in both groups, but the numbers were more numerous in the experimental animal than in the control (Figs. 2 and 3 ).
In the anesthetic control (Fig. 4, E and F) , only a few sparse FLI neurons were observed in the NTS, FTL, NA, or LRN (between 0 and 3 FLI neurons/section) in contrast with the experimental animal in Fig. 4, A and B. NUCLEUS AMBIGUUS. ChTB-labeled neurons were found in the NA between the caudal end of the facial nucleus and the caudal end of the inferior olive mainly in the ventral part of the nucleus (Fig. 5G) . At the level of the rostral end of the hypoglossal nucleus, a cluster of ChTB-labeled neurons were found in the ventromedial and the central parts. Although a few FLI neurons were observed in the NA in control cats (Figs. 4D and 5F), many FLI neurons were observed in the experimental cats in the NA bilaterally between the rostral end of the hypoglossal nucleus and the caudal portion of the inferior olivary nucleus (Figs. 2, 4A , and 5E).
LATERAL TEGMENTAL FIELD. Both the experimental and control groups expressed FLI neurons in all sections in the FTL; however, the number of FLI neurons was more in the experimental group at all levels ( Figs. 2 and 3 ). More FLI neurons were found in the region between P11.6 and P14.7 of the atlas coordinates (Fig. 2) . Within the FTL, FLI neurons were greatest in the middle region bound laterally by the LRN and medially by the paramedian reticular nucleus in the experimental animal (Figs. 2, 4A , and 5C) in contrast with the surgical control (Figs. 3, 4C, and 5D) . No FLI neurons, however, were found in the paramedian reticular nucleus (Figs. 2 and 3) . OTHER NUCLEI. In other areas of the medulla oblongata, many FLI neurons were consistently observed regardless of the stimulation (Figs. 2 and 3) . These areas included 5sp, VN, and LRN. FLI neurons were also observed in AP, DMV, RFN, and RA in both stimulated and nonstimulated control animals. Very few FLI neurons were observed in the anesthetic controls (Fig. 4E) .
No FLI neurons were found in the following regions in either the experimental or the surgical control group: the inferior olive, the gracile nucleus, the hypoglossal nucleus, the showing active responses only in the laryngeal muscles, the thyroarytenoid (TA) and the cricothyroid (CT) muscles at 10 ms on the same side as the stimulation. Simultaneous recordings from the diaphragm (Diaph), the superior constrictor of the pharyngeal wall (SC), the sternocleidomastoid (SCM), the masseter (M), and the genioglossus (G) on the same side show the absence of responses in muscles involved in swallow and cough. B: examples of recordings of respiratory and swallowing muscles 2 s before (prestimulation), during the elicitation of the laryngeal adductor response (stimulation), and 2 s after (poststimulation) to demonstrate that changes in muscle tone after stimulation in comparison with before stimulation. Diaphragmatic activity is the phasic activity increasing with inspiration. The stimulation panel shows averages of muscles responses to 114 stimulation trials at 0.5 Hz with stimulation artifact and no clear muscle response in contrast with the TA and CT muscle recordings in A. The spontaneous muscle activity is shown before and after stimulation for the diaphragm (Diaph), masseter (M), superior constrictor (SC), and genioglossus (G). None of these muscles show changes in background activity after internal branch of the superior laryngeal nerve (ISLN) stimulation. postpyramidal nucleus of the raphe, the magnocellular tegmental field, the gigantocellular tegmental field, the Bötzinger or the pre-Botzinger region (Figs. 2-4) .
Quantitative results and statistical analyses
The numbers of FLI neurons per section were counted in the experimental (group 1) and control (group 2) animals without knowledge of group identity. The numbers of sections counted per structure were the same in the two groups and varied from: 4 sections per side per animal within each group for the AP; between 6 and 7 for the InTS, RFN, and ncom; between 9 and 12 for DnTS, VlnTS, MnTS, DMV, and VN; and between 14 and 20 for LRN, NA, FTL, 5sp, and RA. The mean number of FLI neurons per section was then computed for each animal in each region on the right (ipsilateral) and left (contralateral to stimulation) sides. The mean counts were transformed into logarithms to normalize the distribution of the data before using a parametric statistical analysis procedure. The repeated-measures ANOVA results (general linear model using SYSTAT version 10 statistical software) were significant for the group main effect (F ϭ 23.519, P ϭ 0.001). The withinanimals region differences in the numbers of FLI neurons was significant (F ϭ 128.83, P Ͻ 0.0005) as was the region by group interaction (F ϭ 4.402, P Ͻ 0.0005). The ipsilateral versus contralateral sides were not statistically significant (4.481, P ϭ 0.067), and the side by group interaction was also nonsignificant (F ϭ 2.232, P ϭ 0.174).
Post hoc F tests were conducted for each of the regions. Using the Bonferoni corrected P value for statistical significance (0.05/15 ϭ 0.0033), significant differences were found in the numbers of FLI neurons between the experimental and control animals on the following structures: ncom (F ϭ 15.755, P ϭ 0.001), VlnTS (F ϭ 36.516, P Ͻ 0.0005), inTS (F ϭ 71.61, P Ͻ 0.0005), FTL (F ϭ 23.046, P Ͻ 0.0005), NA (F ϭ 19.094, P Ͻ 0.0005), and AP (F ϭ 22.817, P Ͻ 0.0005). Group differences showed a nonsignificant trend on MnTS (P ϭ 0.008). The numbers of FLI neurons were greater in the experimental animals for each of these structures (Fig. 6A) . None of the side ϫ group interactions approached statistical significance, demonstrating that the number of FLI neurons was similar on the ipsilateral and contralateral sides of the medulla. The FLI neurons were few in the other regions except the VN, which had equally high levels of FLI neurons in both groups (Fig. 6B) .
One experimental animal had no contralateral TA response, two had very small contralateral responses relative to their ipsilateral TA response, and two had equal responses on both sides. We examined whether there were side differences in the number of FLI neurons in regions between the cats with different contralateral TA muscle responses. The repeatedmeasures ANOVA only included those regions that had significantly more FLI neurons in the experimental animals. No significant interaction was found between the number of FLI neurons ipsilateral versus contralateral to stimulation with the three contralateral TA response (F ϭ 0.647, P ϭ 0.607), and no interaction of side ϫ muscle response by region was found (F ϭ 0.677, P ϭ 0.745). 
D I S C U S S I O N
In this study, we identified brain stem regions involved in elicitation of a LAR (without the induction of cough or swallowing) based on immunohistochemical detection of FLI neurons after ISLN stimulation. This is the first demonstration of a LAR pathway that does not elicit neuronal activity in the caudal brain stem regions involved in cough (Gestreau et al. 1997) , swallowing (Sang and Goyal 2001) , or vocalization (Holstege 1989; Holstege and Ehling 1996; VanderHorst and Holstege 1996; Zhang et al. 1992 Zhang et al. , 1995 . During the study, the animals were monitored to assure that only the LAR occurred. In addition, the rate of stimulation was well below 2-5 Hz, the minimal rate at which cough (Gestreau et al. 1997) or sneezing (Satoh et al. 1998 ) is induced; Ͻ10 Hz, the minimal rate at which swallowing will be induced (Dick et al. 1993) ; and Ͻ20 Hz, the usual rate to induce respiratory slowing or apnea (Abu-Shaweesh et al. 2001; Bongianni et al. 1988 Bongianni et al. , 1996 Bongianni et al. , 2000 Mutolo et al. 1995 ). Short, low-level electrical ISLN pulses at a slow rate (0.5 Hz) elicited selective bilateral laryngeal muscle responses without coughing or swallowing. The superior la- ryngeal nerve contains 75% group III A-delta fibers with some group II A-alpha fibers and relatively few unmyelinated fibers (Miller and Loizzi 1974) . Miller and Loizzi concluded that the larger A-alpha fibers contributed to the initial action potential invoked with electrical stimulation of the ISLN. They also concluded that these larger fibers were involved in the reflexive changes in respiration and swallowing because the effects of stimulation on these functions were much greater at more rapid rates of stimulation such as 30/s. Because we were only stimulating at low rates 0.5/s but at supramaximal levels for invoking the LAR, our stimuli likely activated both the A-alpha and the more numerous A-delta fibers. Perhaps the smaller group III A-delta fibers play a role in evoking the LAR in addition to the larger group II A-alpha fibers, which can evoke respiratory slowing and swallowing with ISLN stimulation (Miller and Loizzi 1974 ).
An alternative explanation may be that with prolonged rapid intense stimulation such as that used in studies to elicit swallowing or cough, there is spread of neuronal activation to activate neurons in additional regions to invoke these more complex behaviors. This may explain why our low intensity and slow rate of stimulation may have only involved the LAR and not swallowing, coughing, or respiratory slowing.
The LAR latencies found in our study (10 -14 ms) are similar to those previously reported (Ikari and Sasaki 1980; Mochida 1990; Sasaki and Suzuki 1976) and suitable for mapping the pathway in the medulla oblongata. The response delay between the stimulus and the muscle response suggests that the pathway is oligosynaptic. Stimulation of the SLN elicits responses in the NTS between 1.7 and 3.5 ms in the cat (Biscoe and Sampson 1970; Porter 1963; Sessle 1973a) , whereas stimulation in the vicinity of the NA, elicits muscle responses between 1.7 and 2.0 ms (Delgado-Garcia et al. 1983) . Thus a central processing time of 4.5-8.5 ms implies the presence of several interneurons between the NTS and the NA (Isogai et al. 1987 ).
Significant Fos activation in the brain stem
Although Fos immunocytochemistry is a powerful technique for the study of functional pathways of different systems (Dragunow and Faull 1989; Morgan et al. 1987; Sagar et al. 1988) , neurons in some regions, however, do not express Fos (Dragunow and Faull 1989) . Any absence of Fos in neurons, therefore cannot be interpreted as a lack of neuronal activation because hyperpolarizing or inhibitory conditions may not induce Fos. We could not determine, therefore whether or not some neurons in the medulla were inhibited by ISLN stimulation.
In the NA, the rostrocaudal extent of the ChTB-labeled laryngeal adductor motor neurons was consistent with previous studies (Davis and Nail 1984; Gacek 1975; Lawn 1966; Yoshida et al. 1982) . Because the form of cholera toxin used was inert, it did not cause motor neuron death. Therefore we were able to record the TA muscle response.
Both anatomical (Hamilton and Norgren 1984; Kalia and Mesulam 1980b; Lucier et al. 1986; Nomura and Mizuno 1983) and physiological studies (Bellingham and Lipski 1992; Jiang and Lipski 1992; Mifflin 1993; Sasaki and Suzuki 1976; Suzuki and Sasaki 1976) have examined the termination of laryngeal afferents in the medulla. The first-order neurons are in the nodose ganglion and transmit sensory information from the larynx to second order neurons in the NTS. Within the NTS, laryngeal afferents terminate mainly in the inTS (Hamilton and Norgren 1984; Kalia and Mesulam 1980b; Lucier et al. 1986; Mrini and Jean 1995; Nomura and Mizuno 1983; Patrickson et al. 1991) , whereas the MnTS, VlnTS, and ncom subnuclei of the intermediate and caudal NTS also receive some terminals. Others have shown the neurons in the inTS and VlnTS are monosynaptically activated by laryngeal afferents (Bellingham and Lipski 1992; Jiang and Lipski 1992; Mifflin 1993) . The close match between the topographic distribution of laryngeal afferent termination and the distribution of FLI neurons in the NTS found in our study indicates that these are the second-order neurons in the LAR pathway. A nonquantitative study of FLI neurons after tactile stimulation to the laryngeal mucosa also revealed neuronal activation in the inTS and MnTS (Tanaka et al. 1995) .
No ipsilateral predominance of FLI neurons occurred in the experimental group; similar increases were found bilaterally in the inTS, MnTS, FTL, ncom, and VlnTS. Anatomical studies have shown ipsilateral projections of laryngeal afferent fibers onto the NTS subnuclei except for the ncom (Hamilton and Norgren 1984; Kalia and Mesulam 1980b; Lucier et al. 1986; Nomura and Mizuno 1983) . The bilateral induction of FLI neurons in this study may have been due to bilateral TA muscle FIG. 6. Mean and SEs in the number of FLI neurons counted for each structure in the control and the experimental groups. A: the plots of the structures where the 2 groups differed significantly (P Ͻ 0.0033) or showed a trend toward a difference (MnTS, P ϭ 0.008). B: plots of the other structures that did not differ between the 2 groups in the number of FLI neurons. LRN, lateral reticular nucleus.
contractions deflecting the mucosa on both sides of the larynx in at least two of the five experimental animals. This was examined when we subgrouped animals based on whether they had only an ipsilateral or both an ipsilateral and contralateral TA response. Because no relationship was found between the presence or relative amplitude of the contralateral TA response and the differences between ipsilateral and contralateral numbers of FLI neurons, the bilateral FLI neurons were probably not secondary to the contralateral TA muscle response. Sang and Goyal (2001) found increased FLI neurons bilaterally with ipsilateral predominance after SLN stimulation in mice during fictive swallowing. In an electrophysiological study, Sessle (1973a) suggested that laryngeal afferents may terminate in adjacent regions such as the ncom subnucleus on the ipsilateral or contralateral sides, which then project directly or via interneurons to the contralateral NTS. Thus the FLI neurons in the contralateral NTS in our study may also represent the effects of interneurons. Because the number of FLI neurons were similar on the two sides despite right ISLN stimulation, secondary interneurons of the NTS may be distributed bilaterally to the FTL and NA, probably via the axon collaterals (Otake et al. 1992) .
One concern is whether neurons in the NTS and AP activated by electrical stimulation of the ISLN are specific to the LAR. Other cranial nerve afferents terminate in the InTS such as the glossopharyngeal nerve (Ootani et al. 1995) with convergence of afferents from the soft palate and pharynx occurring in this region (Altschuler et al. 1989) . The genioglossus and superior constrictor, however, were not activated during the elicitation of the LAR in this study. It is also known that baroreceptor activation induces Fos in the medial, commissural, and dorsolateral NTS subnuclei (Chan et al. 1998 ). Cardiovascular-related inputs have also been reported to the caudal regions of the NTS (Ciriello et al. 1981) . Furthermore, cardiovascular changes occur after high rates (10 -20 Hz) of SLN afferent stimulation in dogs (Angell-James and Daly 1975; Kordy et al. 1975 ) and cats (Tomori and Widdicombe 1969) . Perhaps the low rates of ISLN electrical stimulation used here prevented the activation of NTS neurons that normally respond to baroreceptor stimulation. Although some FLI neurons might be due to cardiovascular stimulation these should be few in number because the blood pressure was monitored and did not change with 0.5-Hz stimulation.
Although we found a high number of FLI neurons in the AP in both groups, the number was significantly greater in the experimental group. The AP receives sensory fibers from the vagus nerve (Beckstead and Norgren 1979; Ciriello et al. 1981; Kalia and Mesulam 1980a) and the NTS bilaterally with an ipsilateral predominance (Kalia and Mesulam 1980a; Morest 1967; Norgren 1978) . There are no direct projections from the SLN to the AP (Nomura and Mizuno 1983), thus the FLI neurons in the AP may be due to heavy bilateral projections from the NTS. The AP is involved in cardiovascular regulatory function (Ferguson and Marcus 1988; Gatti et al. 1985) , control of food intake (van der Kooy 1984), and chemoreceptive triggers for emesis in the cat (Belesin and Krstic 1986; Borison 1989) . Because no cardiovascular effects or emesis responses were observed at the low rate of ISLN stimulation used here, the greater FLI neurons in the AP in the experimental group may represent secondary interneurons involved in the LAR.
Both the experimental and control animals were maintained on 100% oxygen and consequently had arterial O 2 pressures between 400 and 500 mmHg, similar to others using hyperoxia with or without chloralose anesthesia (Eldridge and Kiley 1987; Miller and Tenney 1975) . The animals in this study maintained a normal spontaneous breathing rate similar to previous reports of secondary return to air-breathing respiration levels when hyperoxia is maintained over 5 min (Leiter and Tenney 1986) . This long-term secondary effect of hyperoxia is thought to be due to some excitation in the ventrolateral medulla (Eldridge and Kiley 1987; Miller and Tenney 1975) , although FLI neurons were not prominent in these regions in either group.
Fos expression in both the stimulated and unstimulated control groups
Similar numbers of FLI neurons were observed in both the experimental and control groups in the VN and the 5sp. The same finding was reported by Gestreau et al. (1997) . This may be a result of surgically induced nociceptive inputs. Although some SLN afferents project to 5sp (Hamilton and Norgren 1984; Nomura and Mizuno 1983) , Lucier et al. (1986) did not find any direct projections from ISLN to 5sp. The lack of enhanced numbers of FLI neurons in 5sp after ISLN stimulation here is similar to Gestreau et al. (1997) , who used SLN stimulation to induce cough. This suggests a lack of direct projections from the ISLN to 5sp in the LAR pathway.
Relationship of results to diverse laryngeal functions
The pattern of induced FLI neurons during the LAR had some overlap and some differences from that previously reported during cough, swallowing, and vocalization. Enhanced numbers of FLI neurons were found in the FTL in this study. Respiratory and swallowing-related neurons are present in the medullary reticular formation (Amri and Car 1988; Batsel 1964; Bianchi 1971; Ezure et al. 1993; Kessler and Jean 1985; Merill 1970; Vibert et al. 1976 ). Respiratory-related neurons are found along the vagal rootlets (Vibert et al. 1976 ) and in the RA, in close vicinity of the RFN. However, we did not find significant increases in FLI neurons in these regions. Possibly this is because the respiratory rhythm is influenced only when the SLN stimulation is Ͼ3 Hz (Suzuki 1987 ), and we stimulated the ISLN at 0.5 Hz. Thus the enhanced numbers of FLI neurons in the FTL in our study indicates that some of these neurons are involved in the LAR pathway.
Rapid SLN stimulation used by others to induce cough in cats resulted in FLI neurons in the medial FTL, LRN, RA, RFN, and para-ambiguual regions (Gestreau et al. 1997) . None of these regions showed significant enhancement of FLI neurons, except the FTL, in our study. This suggests differences in the LAR pathway from that for the cough reflex with some overlap in the FTL.
The RA, a premotor region in the caudal part of the medulla, is thought to play a critical role in the mediation of vocalization based on physiological (Zhang et al. 1992 (Zhang et al. , 1995 and neuroanatomical evidence (Holstege 1989; Holstege and Ehling 1996; VanderHorst and Holstege 1996) . The lack of significant numbers of FLI neurons in the RA in our study indicates that the LAR may not involve those brain stem regions controlling laryngeal function during vocalization.
The medullary reticular formation and NA are thought to be involved in patterning for swallowing (Jean 2001 (Jean , 1984 . A recent study using rapid continuous SLN stimulation to induce swallowing in mice (Sang and Goyal 2001) reported increased numbers of FLI neurons in the parvocellular reticular formation, all divisions of the NA and the DMV. Although direct comparisons cannot be made between our data in cats with their findings in mice, the distribution of FLI neurons differs substantially in the two studies. During swallowing, the posterior pharynx, tongue, and esophagus are involved in the patterned muscle response. In addition, afferent stimulation of the glottis is increased as the vocal folds close to prevent substances from entering the airway (Widdicombe 1980 (Widdicombe , 1995 . This might explain why increased numbers of FLI neurons occurred in additional regions of the brain stem during swallowing from those we found while evoking only the LAR. No increase in FLI neurons was found in the DMV and the FLI neurons in the reticular formation were mainly along the axons of the NA motor neurons and not in the parvocellular reticular formation in this study (Fig. 5) . Further, within the NA, the distribution of FLI neurons in our study was restricted to the rostrocaudal extent of laryngeal motor neuron distribution.
In conclusion, stimulation of the SLN afferents can evoke a variety of responses such as coughing, gagging, swallowing, laryngeal spasms, bronchoconstriction, apnea, and retching. The type of reflex response evoked depends on the stimulus parameters used (Bellingham and Lipski 1992; Gestreau et al. 1997; Lucier et al. 1979; Sang and Goyal 2001; Sessle et al. 1978) . After SLN stimulation to evoke the LAR (this study), cough (Gestreau et al. 1997) , and swallowing (Sang and Goyal 2001) , FLI neurons are induced in certain brain stem regions such as the inTS, FTL, and NA, indicating that these different reflex responses use overlapping neural circuits. In contrast, differences in FLI neurons are also striking in each one of these types of responses. For example, swallowing involves neurons in the MnTS, DMV, and all the subdivisions of the NA, whereas cough reflex involves RA, RFN, and LRN in addition to the inTS, FTL, and NA. These areas (MnTS, DMV, RA, RFN, LRN) did not show FLI neurons in our study when only a LAR was evoked. Together these studies indicate that the neural circuits involved in the different reflex responses are overlapping but separate.
In summary, we have identified the brain stem regions that are active during the elicitation of a simple LAR. In addition, we have demonstrated that the elicitation of this reflex does not involve all the brain stem regions previously found active during cough, swallowing, or vocalization. Other laryngeal functions such as those involved in swallowing (Barkmeier et al. 2000) and vocalization (Davis et al. 1993; Sakamoto et al. 1993; Shiba et al. 1995; Zhang et al. 1994 ) may modulate the LAR. Further, abnormal reflex responses have been reported in patients with adductor spasmodic dysphonia (Ludlow et al. 1995) and occur during laryngospasm after extubation-a life threatening complication of anesthesia. Future neurochemical characterization of the FLI neurons identified in our study, using double-labeling immunocytochemistry, could provide important information on how this vital reflex pathway may be modulated.
